Transmembrane adaptor proteins (TRAPs) are important organisers for the transduction of immunoreceptor-mediated signals. Prr7 is a TRAP that regulates T cell receptor (TCR) signalling and potently induces cell death when overexpressed in human Jurkat T cells. Whether endogenous Prr7 has a similar functional role is currently unknown. To address this issue, we analysed the development and function of the immune system in Prr7 knockout mice. We found that loss of Prr7 partially impairs development of single positive CD4 + T cells in the thymus but has no effect on the development of other T cell subpopulations, B cells, NK cells, or NKT cells. Moreover, Prr7 does not affect the TCR signalling pathway as T cells derived from Prr7 knockout and wild-type animals and stimulated in vitro express the same levels of the activation marker CD69, and retain their ability to proliferate and activate induced cell death programs. Importantly, Prr7 knockout mice retained the capacity to mount a protective immune response when challenged with Listeria monocytogenes infection in vivo. In addition, T cell effector functions (activation, migration, and reactivation) were normal following induction of experimental autoimmune encephalomyelitis (EAE) in Prr7 knockout mice. Collectively, our work shows that loss of Prr7 does not result in a major immune system phenotype and suggests that Prr7 has a dispensable function for TCR signalling.
Introduction
Activation of lymphocytes by antigens is the key process of adaptive immune responses. A complex interplay of proteins in the signalling pathways originating from activated immune receptors (e.g. T cell receptor, TCR; B cell receptor, BCR; Fc receptors, FcRs) is required at specific stages of lymphocyte activation. A group of proteins called transmembrane adaptor proteins (TRAPs) participate in immune receptor signalling by organizing membrane-proximal signalling complexes that are either constitutively or inducibly associated with immune receptors [1, 2] . TRAPs regulate intracellular signalling via diverse motifs (eg. SH2-, SH3-and PDZligands) within their intracellular domains. To date, there are 14 members of the TRAP family (LAT, PAG/Cbp, NTAL/LAB, LIME, SIT1, TRIM, LAX, TCRz, FcRγ, DAP10, DAP12, PRR7, SCIMP, LST1/A) [3] . LAT, the archetypal and most studied member of the TRAP family, is recruited to the TCR complex upon TCR stimulation and is indispensable for correct T cell development and optimal TCR signalling during adaptive immune responses [4, 5] . The functional importance of LAT is underscored by the severe phenotype of LAT-deficient mice, which are completely devoid of peripheral T cells [6] .
Recently, we discovered and characterized a new member of the TRAP family, Proline rich 7 (Prr7) [7, 8] . Like other TRAPs, Prr7 is comprised of a short extracellular section, a single transmembrane domain and cytoplasmic region that harbours SH2, SH3, WW, and PDZ domain binding motifs. We found that TCR stimulation strongly up-regulates Prr7 expression in primary human T cells [7] . Interestingly, induced expression of Prr7 in Jurkat T cells potently stimulated production of the cytokine IL-2 and up-regulation of the T cell activation marker CD69, possibly due to increased expression of the transcription factor c-Jun. On the other hand, the TCR proximal signalling (e.g. global tyrosine phosphorylation, calcium influx) was partially inhibited. However, overexpression of Prr7 led to massive cell death within 72 hours [7] . Prr7 is highly conserved in vertebrates, which in conjunction with the striking overexpression phenotype of Prr7 in human Jurkat T cells led us to hypothesize that it might have an important functional role in TCR signalling. To test this hypothesis, we analysed the role of Prr7 in T cell developmental and function using Prr7 knockout mice.
Results

Prr7 is expressed in mouse immune organs and T cells
Since the expression of Prr7 in mouse immune system has not been studied, we first analysed the mRNA levels of Prr7 in the thymus, spleen, lymph nodes, and T cells purified from lymph nodes of wild-type C57BL/6 mice. As shown in Fig 1A, relatively highest levels of Prr7 transcript were detected in lymph nodes and purified T cells. As expected, the highest Prr7 expression was observed in the cDNA from brain tissue where Prr7 is abundantly present [8] . Next, we wanted to investigate changes in the expression of Prr7 during T cell developmental stages in the thymus. To this end, we isolated double negative (DN) and double positive (DP) thymocytes, immature single positive cells expressing CD8 (iSP8), CD4 single positive (SP4), and CD8 single positive (SP8) thymocytes. Interestingly, the highest Prr7 levels were present in single positive thymocytes, particularly SP8 thymocytes (Fig 1B) . In human peripheral blood T cells, Prr7 transcript increases dramatically upon TCR stimulation [7] . However, when we checked Prr7 expression in T cells purified from mouse lymph nodes and stimulated with combination of anti-CD3 and anti-CD28 for 24h and 48h we observed decrease rather than increase in Prr7 transcript levels ( Fig 1C) . Of note, presumably because of overall low abundance we could not detect Prr7 protein in mouse immune organs or purified T cells with currently available Prr7 antibodies by western blotting (not shown), which is in contrast to primary human T cells, where increased Prr7 protein levels can be detected upon stimulation [7] .
Mice with Prr7 gene deletion are viable and fertile
To study Prr7 function in mouse immune system, we obtained Prr7 transgenic mice generated by the KOMP consortium (www.komp.org). The targeting strategy replaces the entire Prr7 coding region by a cassette containing the LacZ gene expressed under control of the endogenous Prr7 promoter and an independently expressed Neomycin resistance gene (Fig 1D) . A PCR based genotyping strategy validated the presence of the cassette in homozygous and heterozygous animals (Fig 1E) . To check that Prr7 was absent at the protein level, we analysed equal amounts of total brain lysates of wild-type and knockout mice by immunoblotting with a Prr7-specific monoclonal antibody [7] . A strong band migrating at~37 kDa was only present in samples from wild-type but not from knockout mice (Fig 1F) . Prr7 deficient mice were born at normal Mendelian frequencies, without any apparent gross abnormalities and were fertile. Previous work in Jurkat T cells suggested that Prr7 might be involved in pro-apoptotic processes and in regulation of c-Jun expression [7] . Apoptosis is a fundamental process of T cell biology [9] . During their multistep development in the thymus, the vast majority of developing T cells are removed through negative and positive selection [10] . Interestingly, c-Jun is required in T cell development for successful β-selection in the thymus, a process by which T cells acquire β chains for their TCRs. In T cell specific c-Jun knockout mice, T cell development is partially arrested at the third double-negative stage (DN3) [11] .
We therefore assessed whether Prr7 -/-T cells would successfully pass through all developmental stages in the thymus and populate secondary lymphatic organs. To address this question, we first examined the total number of nucleated cells in the thymus and spleen. The analysis revealed that the cellularity of these organs in both wild-type and Prr7-deficient mice was comparable (Fig 2A) . Accordingly, further analysis of T cell development in the thymus using flow cytometry and four T cell surface markers (CD4, CD8, CD44, and CD25), used to distinguish the major developmental stages of double negative (DN) and single positive (SP) T cells, confirmed that T cells develop normally in the absence of Prr7 (Fig 2B) . Except for a minor, but statistically significant decrease in CD4 single positive population in the thymi of Prr7 -/-mice, no apparent differences in T cell development between wild-type and knockout were detected ( Fig 2C, 2D was unaffected by the absence of Prr7 (Fig 2G) . 
Prr7 is dispensable for TCR signalling
Since Prr7 overexpression in Jurkat T cells potently affected TCR signalling [7] , we next tried to identify a potential role for Prr7 in TCR signalling in primary mouse T cells. To this end, we first isolated total splenocytes from Prr7 +/+ and Prr7 -/-mice, stimulated them with anti-CD3 to trigger the TCR and measured up-regulation of the T cell activation marker CD69 in both CD4 + and CD8 + T cells. As depicted in Fig As an additional test of the TCR response, we then probed the capacity of T cells to proliferate in response to TCR stimulation. Here, we stimulated splenocytes with increasing amounts of immobilized anti-CD3 for 72 h, pulse labelled them for the last 16 h with [ 3 H]thymidine, and measured radioisotope incorporation as an index of lymphocyte proliferation. This test revealed that proliferation of T cells derived from wild-type and Prr7-deficient mice was similar at all anti-CD3 concentrations tested ( Fig 3B) .
Prr7 does not regulate activation-induced cell death of mouse T cells
Our previous work showed that Prr7 overexpression induces massive cell death in Jurkat T cells [7] . Since Prr7 expression levels change in activated T cells, we hypothesized that endogenous Prr7 might regulate activation induced cell death (AICD), a negative regulatory process by which activated T cells are removed at the end of an adaptive immune response [12, 13] .
Given that Prr7 overexpression in T cells promotes cell death, we speculated that its absence might diminish or delay the onset of the AICD apoptotic programme. To address this possibility, we established an in vitro AICD model. Briefly, T cells isolated from wild-type and Prr7-deficient mice were stimulated for 48 h with anti-CD3 and anti-CD28, washed and left to rest for an additional 48 h in the presence of exogenous IL-2. To trigger apoptosis, the cells were exposed again to the same concentrations of anti-CD3 and anti-CD28 for 8 h in the absence of exogenous IL-2. Apoptosis was measured by combination of fluorescently labelled Annexin V, which specifically binds apoptotic cells and the cell impermeable DNA dye propidium iodide (PI). Surprisingly, T cells from both wild-type and Prr7 knockout mice responded in the same way and the number of apoptotic and dead cells was not statistically significantly different in the restimulated cultures (Fig 3C and 3E) . Thus, the lack of Prr7 has no effect on cell death in this AICD model.
Upon expression of Prr7 in Jurkat T cells, the transcription factor c-Jun was strongly upregulated, which coincided with the onset of cell death in Prr7 expressing cells [7] . Therefore, we checked c-Jun expression in restimulated T cell in AICD experiments by Western blotting but found no difference in total c-Jun levels between Prr7-deficient and wild-type mice (Fig 3F) .
Normal pathogen control and T cell response in
+ T cells [14] . For this reason, this informative non-lethal infection model is often used to screen for the functionality of cellular immune responses in vivo [15] . We intravenously challenged Prr7 -/-and control Prr7 +/+ mice with ovalbumin (OVA)-expressing Listeria monocytogenes (Lm ova). After 9 days, i.e. at the peak of the primary Listeria-specific CD8 + T cell response [16] , we measured the number of bacteria present in the spleen and liver in dissociated organs as number of colony forming units (CFU). As shown in Fig 4A, there was no difference between spleens and livers of wild-type and Prr7-deficient mice. In addition, we found that similar numbers of CD4 + and CD8 + T cells were recruited to spleens (Fig 4B-4D The results of the Listeriosis infection model suggest that Prr7 deficiency does not impair the ability of the mouse immune system to cope with Listeria monocytogenes infection. Moreover, Prr7 appears to be fully dispensable for the recruitment of T cells to the infected spleen and liver and their activation by the bacteria in vivo.
Normal effector functions of Prr7-deficient T cells in mouse Experimental Autoimmune Encephalomyelitis (EAE)
Experimental autoimmune encephalomyelitis (EAE) is a widely used animal model of the autoimmune disease Multiple Sclerosis (MS) [18] [19] [20] . In MS, an inflammatory immune reaction to central nervous system antigens in the periphery leads to chronic myelin damage and neurodegeneration [21, 22] . As T cells (T H 1 and T H 17 CD4 + T cell subsets in particular) play a central role in the pathogenesis of EAE [23, 24] , we used this model to further look into a possible role of Prr7 in CD4 + T cell effector functions (activation, migration, and reactivation) in vivo. To this end, we immunised Prr7 knockout and matched wild-type control female mice with myelin oligodendrocyte glycoprotein (MOG) peptides (Day 0 and 2) and monitored the spontaneous development of clinical signs of EAE for 35 days (Fig 5A-5C ). Although Prr7 -/-mice tend to develop a slightly milder EAE than wild-type mice, the differences were not statistically significant. 
Discussion
In this report, we provide a concise analysis of immune system function in Prr7-deficient mice. The central aim of the study was to reveal a potential function of Prr7 in TCR signalling in vitro and in vivo.
Previously, we identified Prr7 as a TRAP expressed in activated T cells [7] . Interestingly, the analysis of Prr7 expression in mouse lymph node T cells revealed an opposite effect of the TCR stimulation on Prr7 transcript levels, i.e. downregulation instead of upregulation of Prr7 mRNA observed in human T cells. The reason for such a difference is unknown. In a follow-up study, it would be informative to compare Prr7 expression in activated T cells from different mouse organs and blood as well as effect of different TCR stimuli. In addition, the Prr7 expression pattern in mouse immune tissues and in thymocytes seems to positively correlate with the number of mature T cells in the organs and T cell maturity within the thymus with relatively highest Prr7 expression in lymph nodes and in CD8 single positive thymocytes.
In our previous study, PRR7 potently regulated TCR signalling and cell death when overexpressed in Jurkat T cell line [7] . These in vitro data prompted us to focus our analysis on T cells in knockout mice. Unexpectedly, we found that T cell development and effector functions remain largely unaffected in the absence of Prr7. Prr7 deficiency resulted only in a partial impairment of thymic development of single positive CD4 + T cells. However, such a minor decrease in CD4 + T cells was not reflected in periphery (spleen, lymph nodes) and the functional relevance in vivo is questionable since Prr7-deficient mice mounted an effective immune response to Listeria monocytogenes infection and readily developed autoimmunity in the EAE model. The lack of an overt immune phenotype in Prr7 knockout mice resembles the outcome of studies with knockout mice of several other TRAPs. For instance, mice deficient in PAG1, a CSK scaffold and TRAP abundantly expressed in all immune cell types with strong in vitro evidence for a negative regulatory role in immunoreceptor signalling, show basically no immune phenotype [25, 26] . Nonetheless, varying protein levels of PAG1 in different human malignant diseases correlate with oncogenic Src activity, suggesting its physiological function might be revealed only under special circumstances like cell transformation [27] . The same might be true for Prr7, since it also interacts with Src [7] . Moreover, it should be noted that the abundance of Prr7 is very low in T cells as compared to brain where the protein couples N-Methyl-D-Aspartate-signalling to c-Jun dependent gene transcription and neuronal cell death [28] . The lack of an overt immune phenotype is therefore not completely surprising.
Similarly, only minimal or mild phenotypes were found in mice deficient in LIME1 [29] , TRAT1 (TRIM) [30] , SIT1 [31] , GAPT [32] , and LAX1 [33] . Interestingly, combined deficiency of TRAT1 and SIT1 leads to a more severe phenotype in T cell development in the thymus [34] . Thus, the relatively mild phenotypes found in TRAP knockout mice could be explained by the existence of compensatory mechanisms and functional redundancy. Consistent with this notion, interactions between TRAPs may regulate certain specific immune processes. For example, mast cells deficient in the TRAP LAT2 (NTAL/LAB) are hyper-reactive to FcεRI stimulation, while mast cells deficient in LAT display an opposite phenotype. However, the combined deficiency of LAT and LAT2 leads to more severe inhibition of FcεRI signalling than LAT deficiency alone [35] .
It is tempting to speculate that another TRAP is able to compensate for the lack of Prr7 in knockout mice or that several proteins with overlapping function contribute to the same biological process. Moreover, although the strong overexpression phenotype of Prr7 suggested that Prr7 is a TRAP in T cells regulating TCR signalling and cell death [7] , these results may represent an example of how in vitro experiments do not predict function in vivo.
Conclusions
In summary, the analysis of Prr7 knockout mice did not reveal major defects in the immune system but this does not preclude the possibility that an even more detailed analysis might identify a function in cellular processes of immune cells that were not investigated in this study.
Materials and Methods
Mice
The Prr7 knockout mice were obtained from KOMP (www.komp.org) and housed in the animal facilities of the Leibnitz Institute for Neurobiology, Magdeburg or at the Medical Faculty of the Otto-von-Guericke-University, Magdeburg. The Prr7 knockout mice were generated on the C57BL/6 background. All procedures were carried out in strict accordance with the protocols approved by the Institutional Animal Care and Use Committee of the LIN and the Landesverwaltungsamt Dessau.
Cell isolation, culture, and stimulation
Mouse thymic, splenic and lymph node cells for in vitro studies were obtained by passing the isolated organs through 70 μm cell strainers. The red blood cells contaminating spleen samples were lysed with ammonium chloride buffer. T cells were purified by negative selection using magnetic cell sorting (Total T cell isolation kit, Miltenyi Biotec). Thymic subpopulations were isolated by FACS sorting as follows: all CD45 + and then DN (CD4
Where needed, isolated cells were cultured in RPMI 1640 medium supplemented with foetal bovine serum (10% v/v) and penicillin/streptomycin. Hepatic leukocytes were separated by Percoll gradient centrifugation (GE Healthcare, Freiburg, Germany). For T cell stimulation, the isolated cells were plated on culture dishes pre-coated overnight with anti-CD3 (diluted 1-10 μg/ml in PBS) and soluble anti-CD28 was added to the culture media at concentration 1 μg/ml.
Antibodies and reagents
The following antibodies and reagents were used for flow cytometry according to the manufac- 
Flow cytometry
After blocking the Fc receptors with 0.5 μg anti-CD16/32 1x10 6 cells per sample were stained with conjugated primary antibodies for 30 min on ice in cell staining buffer composed of PBS, 0.5% BSA, and 0.1% NaN 3 . The samples were analysed using LSRFortessa Cell Analyser or FACS Canto II (BD Biosciences) and FlowJo data analysis software (FlowJo). Dead cells stained with live cell impermeable DNA dyes 7-AAD or propidium iodide (PI) were excluded from analysis. Intracellular stainings were performed after ex vivo restimulation for 12 h at 37°C and 5% CO 2 in the presence of Brefeldin A. Cells were fixed and permeabilized with Cytofix/Cytoperm Kit according to manufacturer's manual (BD Biosciences).
Genotyping PCR
Crude DNA isolated from mouse tail biopsies was amplified with a common reverse primer (5'-AAG CCC TTG AGA AAC AAC CTT-3') and two forward primers specific for the Prr7 genomic locus (5'-ACA TGT CTA AGC CGC CGT GCT A-3') or the ZEN-UB1 cassette (5'-GTT TTG CCA AGT TCT AAT TCC A-3') using Taq DNA polymerase (201203, Qiagen) according to manufacturer's protocol.
qPCR
Total RNA from dissected organs, purified cells or brain (frontal cortex) was extracted using Mini RNA Kit (Zymo Research) with on-column DNAse treatment. Subsequently, 1 μg of isolated RNA was reverse transcribed (ReverseAid, Thermo Scientific) with anchored oligo(dT) 20 and random pentadecamers. qPCR was performed using SYBR Green chemistry (Roche) and LC480 Light Cycler (Roche) with extensively validated Prr7 and Gapdh specific primers (Prr7 F: GAC GAG TTC GAA GAG GAT GC, Prr7 R: GAG GGG CAA CTG TGG TTC, Gapdh F: ATG GTG AAG GTC GGT GTG A, Gapdh R: AAT CTC CAC TTT GCC ACT GC) in technical replicates. The relative Prr7 expression levels were calculated in Excel (Microsoft) using ΔΔCt method.
Brain protein extraction
The whole brain was homogenized and the crude membrane fraction (P2 fraction) isolated by centrifugation and lysed in RIPA buffer as described before [8] .
Immunoblotting
Protein samples were resolved by SDS-PAGE and transferred to PVDF membranes. The proteins were detected by primary antibodies and visualized by chemoluminiscence using secondary HRP-conjugated antibodies.
T cell proliferation assay (DNA synthesis)
Proliferation of mouse splenocytes was assessed by measuring [ 
Listeriosis infection model
Infection. Prr7 -/-and Prr7 +/+ mice (8-to 12-week old) were intravenously infected with 1x10 4 ovalbumin-expressing Listeria monocytogenes (Lm ova). Animals were sacrificed on day 9 post infection. Colony forming units (CFU). Single cell suspensions from the spleen and liver were prepared by passing the organs through a 70 μM cell strainer. Ten-fold serial dilutions were plated on heart-brain agar and incubated for 24 h at 37°C. Bacterial colonies were counted microscopically.
Experimental autoimmune encephalomyelitis (EAE)
Peptides. 
Statistical analysis
For experiments with statistical analysis, a two-tailed Student's t test was performed, and p values less than or equal to 0.05 were considered significant. Statistical comparison of EAE disease severity was accomplished by a non-parametric Mann-Whitney test as described previously [36] . The data were analysed using Prism 6 statistical software (GraphPad).
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